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ABSTRACT Differential scattering of incident left and right
circularly polarized light_can be an important contributicn to the
circular dichroism of macromolecules. In principle both
aifferential absorption and differential scattering of circularly

polarized light contribute to cirgular dichroism, but differentiai
scattering is increésingly important for particles whose
dimensions are greatef than one twentieth the wavelength of
light. The sc#ttering contribution is probably not important for
‘unaggregated'proteins‘and ngcleic acids in solution. It can be
very important for viruses; meeranes and other protein—pucleic
acid complexes. Outside the absorption bands of the scattering,
chiral particle, oniy differential scattering contributes to the
gircular dichroism. The sign and magnitude of the differential
scattering is quantitatively related to the relative orientations
and the distances between the scattering units of the particle.
The interpretation of the circular differential scattering depends
on a simple, classical method. Thus, in understanding a measured
circular dichroism, it will often be easier to relate the
differential scattering to the structure of a2 particle (such as a
virus)'than it is to relate the differential absorption to ﬁhe

structure.



Circqlar' dichroism (CD) and éptical rotatory dispersion (ORD)
’studies,have been very helpful in providing useful knowlzadge about
the structure of biological macromolecuics. These methods were
originally limited to homogeneous solutions of macromolecules.
More recently. they have also been applied to increasingly complex
systems such as viruses (1,2), erythrocytes (3,4), nucleohisﬁones
(5,6), DNA-polylysine complexes (7,8), DNA aggregates (9),
-chloroplasts (10), etc. (11). A‘remarkabie common feature of many
of these systems was the presence of anomalies in their CD'and ORD
spectr;._ The CD sbectra presented: ' (a) Apparent differential
absorétion of citcularly‘polarized light outside of the absorption
bands. The CD signal at long wavelengths was slowly varying, but

e,

ncn—-zero; this 1long wavelength tail”™ could be poesitive or
negative. (b) Signals sensitive to the distance of the
photomultiplier from the sample. (e) CD values one or two orders
of magnitude larger than normal. Figure 1 illustrates some of
these anomalies (unpublished data).

Many qualitative explanations for -the anomalies were
proposed, including differential scattering of left and right
circuiarly polarized 1light, light absorption so intense>that the
.interior of the aggregate could no longer contribute to absorption
(Duysens flattening of absorption peaks), and 1liquid cryétal

behavior (2-4, 12-15). Quantitative explanations based on

phenomenological equations were also presented. The optical
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properties of the sample ware related to macroscopic paraumeters,
such as the refractive index and ab;orpéion cﬁefficieﬁt of its
constituents, but the measured CD could not be rélateé to
molecular propertieé. (13, 16-19).

Recently, a new quantitative undefstanding of differential
scattering of circularly polarized light has been obtained. We
were able to relate the difference in scattering efficiency for
incident left and right circularly polarized light to the detailed
structure of the scattering particle (20-24). We have measured

the angular dependencé of this circular intensity differential

scattering for a helix of known structure, and obtained good

agreement with theory (25). Thus, we can now explain the
“anomalous” behavior of chiral macromolecules and aggregates. We
find that the scattering “artifacts™ «can provide valuable
information about the configuration (left— or right-handed) of the
component pérticlesf

Here we will show how the differential scattering of left and
right circularly polarized light contributes to the differential
extinction of circularly polarized light as routinely measured in
a circular dichroism spectrometer. As the differential absorption
of cifcularly polarized light' can be measured by fluorescence
detected circular dichroism in a separate experiment (9,20),
therefore the circular differential scattering can be obtained by

difference. This circular differential scattering is directly



related to the geometry (distances and orientations between the
scattering elements); it can thus . give information about the

conformations of the macromolecules in the sample.

THEQRY

Prencmenological Eguatioms. We wish to derive the combined
effect of circular diffefential aEsdrption and circular
differential scattering on circularly polarized light incident on
a samﬁle. The results wili be obtained in terms of (aj - aR); the
circular differential absorption. (s - sy), the circular
differential scattering, an& OL; SR the angular—dependént
scattering cross—sections forvcircularly polarized light.

The scattering of a sample depends on the angle between the
incident beam aund the scattered beam; it can be characterized by a
scattering cross—section per scattering solute molecule. The
solvent scattering 1is usually subtracted from the sample
scattering, therefore thé scattering cross-section characterizes
the scattering of the solute molecule compared to an equal volume
of solvent. In dilute solutions the scattering cross-section per
molecule 1is independent of concentration; .i.e., wultiple
scattering effects can be neglected. For an oriented sample the
scattering cross-section will depend on the direction of incidence
of the incident light, but we will consider here only unoriented

samples. For a chiral, unoriented sample the scattering cross-



section will depend on the state of circular polarization of -the
light.

The Beer-Lambert law defines an extinction coefficient, €.

"
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Here I is the transmitted intensity when light of intensity IO is

incident on a sample with concentration, c. in pathlength, &. The

units of € are 2 zole tem™!.  The extinction coefficient is the

- sum of an absorption coefficient, a. and a scattering coefficient,

s; each has units of % mole”lcm'l. ‘These coefficients are related

to molecular cross-—sections for absorption, C and scattering,

abs®
Csca’ by
c N C
a = o abs ¢ = 0 sca
2303 2303
where No is Avogadro's number, and Cabs and Csca have units of cm2
molecule™l. The molecular scattering cross-section 1is the

integral over all angles of the angular-dependent cross—section

~

o(6,¢) for the scattering particle.

5,0) sinédédo
sca Osca( ,9) sincd&d¢ (1)
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The angular-dependent scattering cross-section has units of cm2
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molecule” * and characterizes th2 intensity scattered at any angle

by a molecule.

I 00 = =P @
The scattered intensity depends on the 1light incident on the
molecule, I, the distance, r, from’the scattering molecule, and
the angles 0.¢ meésured relative to the incident beam. For an
‘unoriented sample,.in which the molecules have all orientations,

the molecular .scattering cross-section depends on only one angle,

ogca({ﬂ.b The wmeasured scattered intensity will depend on the
experimental arrangement through r. the distance froﬁ the sample
to detector, the angular acceptance of the detection owntics, and
the scattering volume as defined by the incident beam and the
detection optics. The measured inténsity will of course depend on
"the concentration of the sample. We will designate the angular--
dependent scattering cross—section from the scattering volume

(which depends on concentration and detection geometry) as o(£);

it has units of cmZ2. . _ b

I (o) = g_(_@_l__ (3)

sca 2



The Transmitted Bean. Consider a small disk-shaped
scattering ~ volume in the center of a cylindrical cell

(Figure 2). A detector placed in front of the cell to measure the

transmitted = beam will also sense light scattered at =zero

degrees. Applying the Beer-Lambert law, we obtain

I = Iolo‘sc2 + Eigl— 1 1075 (4)
T

In the second term we have taken into account the attenuation of
tﬁe incident beam before it reaches the scattering volume, and the
attenuaﬁion of the scattefed beam before it leaves the cell;‘o(O)
is the séattering cross—-section in the forward direction and r is
‘the distance from the scattering volume to the detector. Standard
circular dichroism spectrophotometers measure a.  signal
proportional to (IL - IR)/(IL + IR) where IL and IR are the
intensities detected when 1left and right circularly polarized
light is incident. As derived in the Appendix for the usual
approximation that the circular dichroism is small, the signal
measured along the transmitted beam is

IL - IR -2.303(6L-5R)c2 QL(O) - oR(O)

= + (5)
L+h 2 202 + 5, (0) + 5, (0)

The first term is the usual one considered; howe§er, we must keep
in ‘mind that this term has two contributions: absorption and

scattering.



€. - €. = (aL— aR) + (sL - SR) : (6)

The circular differential scattering coefficient (sL - SR) is
related to ‘the integral over all angzles of the angular-dependent

scattering cross-sections.

(8) - ¢ (6)] sin&d® (7)

sca,R
The second term in Eq. .(5) represents the contribution from ﬁhe
light scattered forward along the 1incident bean. This
contribution depends on the size and position of the
photomultiplier detecteor. We will usualily try to make this term
negligible by having the detector far from the cell (r large), and
by having a small acceptance angle for the detector [c(0)small].
If this term is nof-small, it can have either sign relative to (SL
- sR). The sign of the circular intensity differential scattering
at zero degrees is not simply related to the sign of the circular
differential scattering coefficient (sL —- sg), which depends on

differential scattering at all angles.

The Scattered Eeanm. At any angle except zero, only the
scattered beam 1s detected. The derivation of the circular
intensity differential - scattering 1s straight forward (see

Appendix), however one must realize that the scattered beam is not



circularly polarized except at 0° and 180°. Although we do not
measure the polarization of the scattered beém, its attenuation in
passing throdgh the . cell does depend on its state of
polarization. When a left circularly polarized beam is incidenﬁ
on a point scatterer. the scatteréd light will be ieft circﬁlarly
. polarized at 0°, linearly polarized at right angles (90°) and
right circulérly polariéed_at 180°. At any éngle in between. the
light is elliptically polarized, but its- state of polarization
depends only on the scattering angle. For larger scatterers the
state of polarizaﬁion also depends on the properties of the
scattering moiecule; however, for most samples the depolarization
effect is much less than % We will assume that it 1is

negligible. and obtain (see Appendix)

OL(G) - OR(G)

)cﬁ[(l + cos 8)2] +

- — (8)
J o &
2(1 + coszﬁ) O‘L(v> * OR\D)

L~ R
This is an expression for the circular intensity differential
scattering at any angle. Again therglare two terms; The first
term characterizes the differential attenuation of the scéttered
beam d;e to circular differential absorption and scattering in the
cell. The second term characterizes the circular differential
scattering cross-sections at any angle. The terms can be
separated by varying the concentration; the first term is linear

in the Cconcentration. so extrapolation to zero concentration



leaves onls the second term,. which is independent of
b 1Y

. concentration. In our earlier work '(21_24) we have oaly
considered this secoﬁd term. Outside all absorﬁtion bands (aL -
'aR) is zero and only (s; - sp) contributes to the first term.
However, as mentioned before, the sign and magnitude of (sL - SR)
is not simply related to oL(G) - cR(G).

Although we aré primarily interested here on the effects of
circular differential scatgering, Ed. (8) can be applied to a non-
chiral scatterer mixed with a chiral absorber (for example,

polystyrene spheres in a camphor sulfonic acid solution). Then

only the first term in Eq. 8 is non-zero. This metnod can be

called scattering detected circular dichroism in analogy with

fluorescence detected circular dichroisa (256).

Molecular Parameters. Equation (7) ralates the circular
differential scattering coefficient to the integral over the
angular—-dependent scattering cross—-sections. These cross-—sections
have been previously derived from molecular properties -—— the
relative orientatiouns and distances between polarizable groups in

the molecule [see Eq. (12) of ref. 24]}.

' - 'ﬂz . * - [ (j2 ]
OL(E)) - OR(Q) = 2)\4; ?Re(ciaj/‘%ix %j‘ RVlJ U\g,i' "'_]J:\ q - Jl)
J
- - 5j 3
2 ., 6 3]
- (es,i * g’lj) (Q,J ° }3’13) ('_q— - J } (sin 2 + sin i) (9)



where j;(q) 2 sin q/q2 - cos q/q and j,(q) = (3/q3 - 1/q)sin q - 3
2 - ' .

cos q/q°, are the first and second order spherical Pessel

functions respectively.. §&/2 is one-half of the scattering angle

and the argument of the spherical Bessel function is:

4TR .
ij .

sin
A :

NI

0
1]

. is the distance between groups i and j in the molecule

where RiJ

and A is the wavelength of the incident light in the medium. The
unit vectors e and gj' specify the directions of the principal

-

axes of the polarizabilities a; and a;; &ij is the unit vector

i ]
from group i to j. Re means that the real part of the expression
in parentheses is used; this expression governs the wavelength

dependence of the scattering. The integration of Eq. (9) as

indicated by Eq. (7) can be performed analytically; the results

are:
_ —4n3N * N
s, =s, =—— 3 T Re (a,0,)(e. x e, *R..){Ce. *e.,) £(a)
LR o303 13 R e
- (g = Byy)ley » Byy) s} (10)



_ 16 + 8(a2—2)cosa + 2a(32—8)sina

f(a)

2

5
a

N
- 8(a"+58) + 16(a2-3)cosa + 2a(a"-24)sina

g(a)

a

" a = 41R,

b/

s

‘The terms f(a) and g(a) are unitless functions which becoue zero

as a approaches zero or infinity.

The sign of the differential scattering coefficient (sy - sp)

3

depends upon (l) the chirality of the scatterinz particle as

i

characterized by the relative orientaticns ‘of the individual

-~

scattering elements (e., e., R.. )
~i ~ij

~J

particle as characterized by a =

and (2) the size of the

4R, . /. Th

1j factor which

®

characterizes the wavelength dependence of the polarizing abili-

ties (Reaiqj*) affects the wmagnitude of (s; = sp), but it is

always positive (see Fig. 3).

For a 1less than 1 (Rij/k less than 1/12.5), g(a)' is

negligible and f(a) can be approximated by (-a/9). Therefora, for

a less than 1, a particularly simple expression can be written for

SL—SR'
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167 No ) ‘ . X
s, -§_ = ——— 2 Z Re(a,a,]{ggx e.* Rf ){%f, g.)R.,
L R (9)(2303),\3 ij 1] 1 j ~3 i 37745
(11)
For distances Rij small compared -to .the wavelength, " the

differential scattering is lineaf in these distances, and depends
on simple geométric parameters (Eg. 1il1).. TFor iargef aistances Eq.
10 must be Qsed. In Eq. 10 the function f(a) ié negative for
(R/X) less than 1/2.3 with a minimum value of. -0.17 at (R/X)
éppfoximately equal to 1/5; it then oscillates in sign with
'decreasing magnitudé. - The - function g(a) is positive for (R/X)
less than 1/1.2 with a maximum value of +O.1; at  (R/X)
approximately equal to 1/2.3; it then 6scillates in sign with
decreasing magnitude. Therefore, the main contributions to sy-sp
will be for distances between scattering groups which vary from
1/20 to 1 ‘times the wavelength of light. The differential
scattering coefficient is thus related in a direct way to the
geometry of the scatterers.

Comparison between the differential absorption coefficient
and the differential scattering coefficient. Equation' (10)
relates the geémetrical parameters of randomly oriented molecules
with the observed differential scattering coefficient s;~Sgp+ This
expression is remarkably similar to that obtained in thevclassical

theory of the differential absorption coefficient (27).



16w3mo ﬁ _ .
a, —a, =————— ) ) |=Ta(e, ). x e. *R..G,.R,
LR 6900 22 1 ; i il

(12)
We haQQ assumed that the interactions (Gij) between groups are not
large; so that only linear terms in the interaction are kept and
the 1interactions are _approximated by a normalized dipole

interaction.
s e.- 3(e, * R .)(e. * R, )] (13)

This dipole interaction 1s an approximation to the electronic
interaction between chromophores. The sign of the differential

absorptiocn ceefficient depends on the chiraiity of the absor:

fete

n

e}

particle (charactérized by e gj and éij Y. The factor which
characterizes the wavelength dependence [-Im(c&c3)] is non-zero
only in ﬁhe absorption band; it is always positive on the long
. wavelength side of the absorption band and negative on the short
wavelength side (see Fig. 3).

Comparing Eq. (12) with Eq. (l1) or Eq. (10) we can see the
contriﬁution of two chromophores to differential scattering vs.
differential absorption. At short distances Gij is large and Sy, ~

sp 1s small compared to ay - ap, but as Rij increases sy - sp

becomes more important. The ratio depends on Rg.

il



S. = 5 R3
R :
— ~ — : (14)
a ap A3

Thi;vegpression is valid for Rij not larger than A. It exkplains
‘why only large éhiral objects with dimensions larger than.l/ZO‘the
vwavelength of 1light 'show méasurable differential scattering
effects on the circular dichroism. |
The Wavelength dependences of differential scattering and
absorption are, of coursae, quité different from each other. They'
are - gharacterizéd by. the wavelength dependence of the
.polarizabilities. Each polarizability has an absorptive component
(with the shape of an absorption band) and‘a dispersive component
(with‘the-shape of the wavelength dependence of the corresponding
refractive index). Fér two identical chromophores the function,
Re(qic§) s wﬁich controls ths wavelength dependence of S;, ~ Sgp»
is the sum of the squares of the absorptive and dispersive
components. The function; [_Im(ﬁi(ﬁ)] ; winich controls the
wavelength dependence of aj, ~ ag, is the product of the absorptive
and dispersive components. The formalism comes from considering
each polarizability to.bé cbmpiex, with the real part being the
dispefsive component and the imaginary part being the absorptive
component. These functions are plotted in Fig. 3 for a typical
absorption band (thevlong wavelength band of édenylic acid). The
actual signs and magnitude of a —ap and s, = sp will depénd

on the geometric factors that multiply these functions (see



Egs. 10-12), ©but the wavelength dependence is informative.
Outside the absorption bands only Sy, T Sp is non-zZero, and its

&

sign can be related to the chirality of the scatterer.

CONCLUSION

Circular differential scattering can be a significant
contribution to circular dichroism whenever the dimension of the
#articles of interest are aﬁe twentieth the wavelength of 1light,
or are larger. Vhether the scattering effects are important or
not will depend specifically on the shape of the particle aﬁd its
polarizabilities. The sign and magnitude of the circular
differential‘scatterihg depend directly on the distance and angles
between the scattering vunits. ft is not expected to Dbe
significant for wunaggregated proteins or nucleic acids in
solution. However,. whenever an apparent circular dichroism is
measured outside the absorption bands of the sample, the
differential scattering rmust obviously be taken into account
before a quantitative interpretation of the circular dichroism is
attempted.

Circular differential scattering depends wupon the phase
difference of the light scattered from different points in the
molecule, therefore to a first approximation the electronic
interaction between the scattering units can be neglected. This
interaction, which is requirea for circular differenfial

absorption, is difficult to determine quantitatively. It is



largest for 'short distances between interacting units and it
decreases roughly as the inverse' cube of the distance. Thus
circular differential absorptiocn, which until recently was the
only contribution to circular dichroism considéred, reveals short-
‘rénge conformations. (distances less than 2-3 nm). It requires
detailed knowledge about eleéfronic transitions and electronic
interactions of cnhromophores for dquantitative calculation.
Circular differential scattering, which until now was treated as
an unwanted artiféct, is a measure of long-range orgenization
(distances greater than 20 nm). It can be interpreted simply and'
directly in terms of écattering from pairs of polarizable groups

in the molecule (Eq. 10).

This work was sdpported in part by dational Institutes of
Health Grants Gf 10840 (IT) and AI 08247 (MPM) and by the U.S.
Department of Energy, Office of Energy Research under contract No.

03-82ER60090.000 and contract No. DE-ACO3-76SF00098.
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Legends for-Eigqres;

Figure 1. An illﬁstrative example.of the effect of.circular
differential scattering on circular diéhroism.' The synthetic
polynucleotide poly aI:» poly dC was - placed in different
concentrations of polyethylene glycol -in 3 M NacCl. The solid
lines "show the measured circular dichroism which is large at
wavelengths above the ébsorpﬁion region oﬁ the polynucleotide, the
dashed 1lines show the approxiﬁate removal . of the differential
scattering effeét provided by a fluorscat cell (l4). Data from
‘Evdokimov and Maestre:

Figure 2. The scéttering geometry. The scattered intensity
at angle theta depends ocn the scét;ering cross—section at that
anglé, a( ), divided:by the square of the distance, ¥, from the
scattering volume to the photomultiplier detector. The
attenuation of the incident light before reaching the scattering
volume, and of the scattered light before leaving the cell must be
considered. As incident ciréularly polarized 1light changes its
 state of polarization depending on the scattering angle, the
appropriate weighted extinction coefficient, <e>, uwust be used for
tﬁe scattered beam.

Figure 3. The typical wavelength dependence for circular
differential absorption, ap~ap, and circular differential

scattering, sy ~ SR The shape of the 260 mm absorption band of

adenylic acid was used to obtain the absorptive and dispersive
components of the polarizability. The calculated curves were

normalized at their maximum values.
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APPELDIX

Effect of Scattering on the Transmitted Deam. A detector placed to

measure the transmitted beam through a sample (the usual procedure) will also
respond to scattered light along the incident beam. For left circularly

polarized light incident, the detected intensity is (see Figure 2):

0, (0) -2.303¢; ¢
o= [1+ 2 ] Ie - (A1)

Using the identity éL = (e, + eg)/2 + (g = €)/2, we write

‘ -2 | 2 -2 207 - \ .
. i [1 . OL(O)] L. ~.3O3(EL + ER)CL/2 . _.JOJ(EL ER;CZ/Z, (a2)
L 2 o
r .
Using an equivalent expression for IR, we obtain
0 (0) ~° op(0) *7
_ 1+ rz le - [+ rz. Je
= — — (A3)
IL* e o, (0) 7 op(0) 77
[1+—=5—] + [1+—5—]
r T

with z = 2.303(&:L - &R)ci/2. Simiiarly writing op(0) and 0p(0) as a sum and a

§ifference, we obtain:



IL - IE )
I+ I
(9) c, (0) 5 (0)
QL(O) Ot -z +2z (LYY R/ -z +z
(2 + 5 + 5| (e - e J + | 5 - 5 } (e + e )
r r r by ;
(0) o (0) . o, (0) 7, (0) -
[.2+QLZ + R2 J Le ...+e-r7) + ‘L‘ > - “2 J (eZ~e+ZJ
r T r r 1,
(A4)
We can rewrite this equatibn in terms of the hyperbolic tangent of =z.
o, (0) = 5 (0) 5
. L 2 J
IL " IR _ ~tanh z + 2? + UL(O) * UR(O) (45)
I, + T g, (0) = 9,(0) 1 :
LR 1 - | L = j tanh z

7
2r° + oL(O) + OL(O)

In the usual approximation'that,the circular dichroism is small {z = 2.303(€L
- ER)c2/2-< 0.1}, we can replace tanh z by z and approximate the denominator

by 1.

I -1 -2.303(e, - g )ct 0, (0) - o (0)
L _ LR - L R (46)
L R 2 2r” + OL(O) + cR(O)

This is Eq. 5 which presents the contribution of differential scattering in
the forward direction at zero degrees, o,(0) - op(0), to the signal as usually

measured.

Effect of Scattering aud Absorption on the Scattered Beam. The amount of

attenuation of a scattered beam by the solutions depends on the state of



A3

polarization of the scattered light. The scattered light Qill.in general be
elliptically polarized and we can chafacterize it as a sum of ‘left and right
circularly polarized components. The extinction cosfficient which determines
the attenuation of ﬁhé scattered beam as it passes through the solution is a
weighted average of e, and € For left circularly polarized light incident
“on the cell, the émptitude of the left qircularly polarized component is

(1 + cos €)/2 and that of the right éircularl} nolarized component 1is

(cos 6 - 1)/2. The appropfiate extinction coefficient which depends on.the'

weighted intensities of the components is

We thus write the intensity of the scattered heam when left circularly

polarized light is incident as

OL(U) 2.3O3€Lc2/2 2'303*p“L + (1 p)SRJcL/Z
L = 7 L¢ ¢ (47

a, (6) —2.303[€L + epJei/2 -z.3o3p(sL— eR)ci’./Z
IL = 5 I e e (A8)



A4

This is of the sawe form as Eq. (£2), so tha came derivation yields Eq. 8 of

‘the text.
— — - 2 o — s}
L -1 2.303(eL eR)cz (1 + cos 6)% o (8) = ap(8)
I+ L. [ ) O EEREC) (49)
L 3 2 2(1 + cos” 8) L R

This eqﬁation relates the circular differential scattering at any angleb
(except zero degrees) to differential scattering éoefficients, OL(G), OR(S),
and the circular dichroism, (sL - aR). The two contributions can be separated
by using the concentration dependence. The first term is linear in
concentration; the second term is independent of concentration. For backward
scattering (9 + 180°) the first term approaches zero. As left circularly
polarized light becomes right circularly polarized when it is scattered
backwards (and vice vérsa), there is nc effect of circular dichroism. The
second term in Eq. (A9) differs from the corresponding term in Eq. (A6) by the

2 in the denominator. In Eq. (A6) the second term gives the

lack of 2r

contribution of zero-angle scattering to the transmitted beam; this

contribution depends on the distance r. In Eq. (A9) the second term

represents only the scattered beam; its effect is independent of distance.
Our expfession for p, the angular dependence of the-first term in

Eq. (A9), only represents the effect of the transversality of light. We

assume the scatterer is a point. For a realistic scatterer the state of

polarization of the scattered light and the angular depéndence of p will

depend on the scatterer. However, the change will usually be negligible.
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